Abstract: Chicken inbred lines of the GSP, GSN/1, PNP/DO and BM-C have been established by selection of a specific allele at the B blood group locus (MHC
Introduction
The chicken is the most advanced avian species based on genome sequence analyses and is expected to be utilized in the broader research areas of life sciences and agriculture [1, 11, 30] . A number of avian inbred lines have been established in the chicken (Gallus gallus var. domesticus) as well in the Japanese quail (Coturnix japonica) as experimental animals and as a part of avian genetic resources [27] . From a wide selection of chicken breed stocks, specialized experimental inbred lines have been developed, characterized, and studied, and this has contributed to the advances in developmental biology, biomedicine and agriculture [5] . The chicken, an oviparous animal, has frequently been used in developmental biology that needs surgical manipulation or tissue transplantation with embryos [17, 23] . When a variety of chicken strains that are histocompatible within strain or between different strains are established, the value of the chicken as an avian experimental animal is raised markedly.
Given the current status, in which avian genetic resources are at risk due to simultaneous decreases in the gene pool of poultry phenotypic variants, world-wide poultry geneticists are struggling with the elimination of specialized research resources [6] . Thus to address this concern, we were prompted to further define existing inbred lines of chickens. It must be recognized that the usefulness and accessibility of genetic resources depend on published information regarding the biological properties of these established inbred lines of chickens.
There are several reports that heterozygosities still persist at some histocompatibility loci and also in a number of blood group loci even in highly inbred lines of chickens [4] . For this reason, it is necessary to define the major histocompatibility complex (MHC) antigens of these established inbred lines of chickens that have a direct effect on the regulation of immunological response and tissue histocompatibility. The B system of the blood group controls the MHC of chickens [31] . The MHC related regions of the chicken are the B-F, B-L and B-G, respectively referred to as MHC class I, class II and class IV antigens (Fig. 1) . The B-G region is closely linked to the B-L/B-F region that encodes erythrocytespecific antigens and has no equivalent in mammals [10] . The B-G region is at least as polymorphic as the other regions, but its function remains unknown [12] . The B-L/ B-F regions have all the attributes of the MHC, which are comparable to those of mammals and determines rapid allograft rejection, strong mixed lymphocyte reaction (MLR) and cellular cooperation in the immune response [26, 38, 39] .
Several attempts have been made to characterize and assess the degree of structural variability of the MHC of inbred chickens lines using restriction fragment length polymorphism [13, 14, 24] . None of these reports however made a concrete conclusion regarding the antigenic homogeneity related to the MHC of these inbred chicken lines. Thus, in order to facilitate the use of the inbred lines of chickens currently used as general experimental animals in Aves, we assessed the homogeneities of the major histocompatibility complex (MHC) antigens by three practical immunological methods.
Materials and Methods

Chicken inbred lines
Over the past 35 years, inbred lines of chickens have been developed from the Black Minorca (BM-C) and Fayoumi (GSP, GSN/1 and PNP/DO) breeds in Japan. These inbred lines were previously registered in the International Registry of Poultry Stocks published by Somes [37] . They were primarily developed by fixing specific B alleles at the B blood group locus controlled by the B-G region in the MHC (Fig. 1) . All of the four inbred lines of chickens examined in this study have been developed by pedigree mating at the Nippon Institute for Biological Science. Figure 2 represents the origin and pedigree of the GSP, GSN/1, PNP/DO, and BM-C inbred lines examined in this study. Red blood cell (RBC) blood group types detected by isoimmune antisera as well as various plant lectins and a few virus agglutinins were used as selection criteria for genetic identity in the inbred lines with suitable chickens being selected for the succeeding generation. In addition, phenotypic characters such as comb types, plumage color of chicks and adult chickens, rate of feathering and shank color were also fixed [22] . The coefficients of inbreeding based on the AFLP band-sharing method were previously estimated to be more than 90% in the four inbred lines [15] .
Preparation of antisera and serological analysis
Ten kinds of antisera were prepared by a previously reported method [9] , using RBCs of a red junglefowl and two hybrids against randomly selected chickens from the respective inbred lines. Red junglefowl and the hybrids were used for preparation of antisera because variable MHC IV-coding (B-G antigens) were expected, compared to inbred lines or selected lines of chickens [25] . The hemagglutination test was done by mixing the intact antisera with a 3% suspension of washed RBCs. After 60 min of incubation at room temperature, the agglutination was determined.
Mixed lymphocyte reaction (MLR)
Peripheral blood lymphocytes (PBLs) were prepared from heparinized (20 unit/ml) whole blood. The PBLs were isolated by density gradient centrifugation over Lymphocyte Separating Medium 1047 (Wako Chemicals, Japan), and cells were washed three times with Hanks' Balance Salt Solution (Gibco, USA) and resuspended in medium. The cell number was adjusted to 3 × 10 5 cells/ml, and cell viability was assessed by trypan blue dye exclusion. Lymphocytes that served as stimulator cells were X-irradiated with a dosage of 3000 rad (20 rad/min).
One-way MLR was performed according to a previously reported method [33] with some modifications. Equal numbers of PBLs and stimulator cells were incubated for 72 h at 42°C. The cells were pulsed with 3 H-thymidine (Amersham, England) for the last 6 h of incubation and then harvested and washed twice in glass filters. The glass filters were punched into scintillation bottles containing PPO/POPOP toluene solution and counted for beta emission in a liquid scintillation counter.
Skin transplantation
The skin transplantation technique was based on a previously reported method [3] . Reciprocal skingrafts (approximately 1 cm 2 ) were exchanged between pairs of chicks, and each chick also received a skingraft from itself ( Fig. 3) . Skin transplantation was done 13-14 days after hatching since this was safely beyond the age at which a foreign skingraft might sometimes survive by conferring tolerance on the host [4] . The transplanted skingrafts were first observed on the 7th day of post-transplantation and periodically thereafter: generally, every two or three days for 2 to 3 weeks, then weekly for a month and then biweekly or periodically. Table 1 shows the results of the red blood cells antigenic reactions in the respective inbred lines. All of the individuals of each inbred line gave consistent allpositive or all-negative reactions depending on the antisera tested. On the other hand, individuals of the random-bred line (NG) resulted in highly heterogeneous reactions to every antiserum. Hemagglutination tests of the GSP (B 21 ) and GSN/1 (B 21 ) inbred lines resulted in the same reactions to all the antisera except for the 6049 GSP antiserum to 6042 (RJF × PNP/DO) F 1 ( ). The difference was confirmed to be caused by the specific L 2 allele to the GSN/1 inbred line as previously reported [22] . Table 2 shows the isotope incorporation of responder lymphocytes mixed with stimulator lymphocytes from the same individual (self-control), from an individual of the same inbred line, and reciprocal individual combinations between the inbred lines. Weak responses were always observed in the self-control test, however, MLR responses were relatively higher between individuals within an inbred line, although no significant difference was observed when compared to the selfcontrol responses. Incremental counts of the MLR test were always positive in all cases of reciprocal individual combinations between inbred lines. A significant difference was observed between the MLR responses were removed from the donor chick and were reversed 180° prior to transplantation to the recipient chick; and then sutured by applying a large amount of collodion at the edges. Table 3 shows the results of skin transplantation within an inbred line and between the inbred lines derived from the Fayoumi breed. All of the skingrafts that established anastomosis of the blood vessels were permanently accepted (more than 100 days) except for instances where skingrafts were accidentally scratched off prior to the first post-operative observation. Between individuals of the GSP and GSN/1 inbred lines, 18 out of 22 and 16 out of 18 skingrafts were accepted, respectively. A total of 18 skingrafts between individuals were exchanged within the PNP/DO inbred line and 10 skingrafts within the BM-C inbred line, which resulted in 100% permanent survival. Between the GSP (B 21 ) and GSN/1 (B 21 ) inbred lines, both having the same B allele, the exchanged skingrafts that survived were 10 out of 12 and 9 out of 12, respectively. All the skingrafts exchanged between individuals of the GSP-PNP/DO and GSN/1-PNP/DO inbred lines showed early signs of rejection (flaking, swelling and discoloration) on the seventh post-operative day and complete rejection and slough occurred on the tenth post-operative day.
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Discussion
The present hemagglutination test indicated no heterogeneity in the RBC antigens in the respective inbred lines that have been fixed at the polymorphic loci homozygously along the establishment by pedigree mating ( Fig. 2 ), in contrast with the results exhibited by the random-bred line (NG) ( Table 1) . The difference in the L blood group antigens found between the GSP (B 21 ) and GSN/1 (B 21 ) inbred lines did not affect the shared homogeneity in relation to the B alleles because it was not associated with the histocompatibility complex of the chicken [32] . The B-G antigens have no function in alloreaction such as skingraft, graft versus host reaction (GVHR) or MLR [28, 31, 36] . Nevertheless, the B-G region is considered to be included in the chicken MHC because of its close structural linkage to the B-L/B-F regions in the MHC (Fig. 1) [36] . Thus, B-G (Class IV) antigens expressed only in the RBC [16] remain of major importance in conventional typing of chicken MHC. Our results suggest no heterogeneity at least at the B alleles and among other antigenic properties carried by each inbred line and between the GSP and GSN/1 inbred lines. However, in addition to the serologically defined loci there may be MHC differences which cannot be detected using this usual method of immunization and testing, but can cause a lymphocyte proliferation response. Such a difference is referred to as a lymphocyte-defined difference [18] .
The results of this experiment regarding the weak MLR between chickens having the same B allele and significantly strong responses carrying different B allele (Table  2) were in agreement with the results of other studies involving inbred lines of chickens homozygous at the MHC region as well as in inbred strains of the mouse [2, 18, 33] . Also, the weak MLR response between the GSP and GSN/1 inbred lines both fixed for the B allele (B 21 ) may indicate similar MHC antigens related to the MLR response. In chickens, genes controlling MLR as well as GVHR competence have been attributed to the B-L/B-F region of the MHC [40] . It is also educed that there are genetically controlled differences in the magnitudes of MLR response when different reciprocal combinations were tested. Along the establishment of these inbred lines of chickens, selection has been done on the basis of immune response to isoantigens [20] . The GSP inbred line has been established as a high responder while the PNP/DO and BM-C inbred lines have been established as low responders using agglutination titers against isoantigens. This explains the result that the highest magnitudes of response were observed in the GSP inbred line, and that low responses were obtained in the BM-C and PNP/DO inbred lines. This difference in antibody response has also been observed based on immunity induced by Mycoplasma gallissepticum bacterin [41] . The relatively low stimulation responses obtained in the PNP/DO and BM-C inbred lines can be explained by the low responder phenotype, which is an intrinsic inability of T-lymphocytes to respond to certain antigens/stimulators by differentiating into growth factor-sensitive blast cells [29] . Based on the results of skin transplantation (Table  3) , there was no heterogeneity in the MHC antigens related to histocompatibility observed within inbred lines, and also the GSP and GSN/1 inbred lines were histocompatible. Within the inbred lines of Fayoumi breed (GSP, GSN/1 and PNP/DO) and the BM-C inbred line, which have been maintained as small closed colonies, rapid progress in homogeneity was attained due to the relatively small number of individuals used 
a Includes inbred lines of GSP and GSN/1 both carrying the same B allele and PNP/DO which has a different B allele. b All skingrafts showed signs of rejection (necrotic skingrafts) on the seventh day of post-transplantation. Numbers of skingrafts in parenthesis were those scratched off prior to the first post-operative observation (seventh day).
in establishing these inbred lines (Fig. 2) . Combinations by sex difference were not observed although evidence for the existence of a sex-linked minor histocompatibility has been reported [7] . The results of skin transplantation were in accord with the results obtained from the MLR test. Skin transplantation has been proven to be a very sensitive indicator of slight genetic differences in the MHC [4] . As our results demonstrate, skingrafts were accepted permanently between the GSP-GSN/1 inbred line combination in which both carry the same B 21 allele and rapid rejection occurred to reciprocal skin transplantation between the GSP-PNP/ DO and GSN/1-PNP/DO inbred line combinations in which the PNP/DO inbred line (B 1 ) carries a different allele (Fig. 4) . Furthermore, other histocompatibility antigens in chickens, with the exception of antigens coded by the alleles of the C blood group locus system, can only be detected by skin transplantation [7] .
The results of the present study also imply that each inbred line is uniform based on immunological characters, and that the degree of inbreeding is probably higher than previously reported [15] . The results show that heterogeneity was not found in the different classes of antigens related to the MHC of the inbred lines of chickens. It is also important to note that the GSP and GSN/ 1 inbred lines were histocompatible. The GSP and GSN/1 inbred lines can be identified with a number of genetic markers: e.g. mutations, red blood cell types detected by lectins (PnPn and st2st2), reaction to isoimmune sera (K and L alleles), plumage color (E locus) and others [19, 21, 22, 34] . The four inbred lines used in this study revealed high uniformity in the regions related to histocompatibility and will facilitate researches related to immunology and transplantation biology that usually require highly histocompatible experimental animals. 
